ABSTRACT. The features of a drop-on-demand-based system developed for the manufacture of meltbased pharmaceuticals have been previously reported. In this paper, a supervisory control system, which is designed to ensure reproducible production of high quality of melt-based solid oral dosages, is presented. This control system enables the production of individual dosage forms with the desired critical quality attributes: amount of active ingredient and drug morphology by monitoring and controlling critical process parameters, such as drop size and product and process temperatures. The effects of these process parameters on the final product quality are investigated, and the properties of the produced dosage forms characterized using various techniques, such as Raman spectroscopy, optical microscopy, and dissolution testing. A crystallization temperature control strategy, including controlled temperature cycles, is presented to tailor the crystallization behavior of drug deposits and to achieve consistent drug morphology. This control strategy can be used to achieve the desired bioavailability of the drug by mitigating variations in the dissolution profiles. The supervisor control strategy enables the application of the drop-on-demand system to the production of individualized dosage required for personalized drug regimens.
INTRODUCTION
While innovation is the key to success within the pharmaceutical industry, it has been largely sought through new drug discovery and development, while the development of more efficient manufacturing methods has received inadequate attention. Traditionally, the pharmaceutical industry has manufactured its products in large-scale batch processes with nonexistent or limited on-line process monitoring and control. Recently, as a result of encouragement from the regulatory authorities, the advent of globalization, and the increasing awareness of environmental impact, the pharmaceutical industry has been reconsidering the way drug products are developed and manufactured (1, 2) . The US Food and Drug Administration (FDA) has promoted the Quality by Design (QbD) approach to increase process understanding and improve quality and efficiency while minimizing risk (3) . The Process Analytical Technology (PAT) guidance introduced by the FDA encouraged the monitoring of critical quality and performance attributes during processing, with the goal of ensuring final product quality (4, 5) . As part of this renewed emphasis on improvement of manufacturing, the pharmaceutical industry has begun to develop more efficient production systems with more intensive use of on-line measurement and sensing, real-time quality control and process control tools which offer the potential for reduced production costs, faster product release, reduced variability, increased flexibility and efficiency, and improved product quality (6) (7) (8) .
Under the US National Science Foundation-supported Engineering Research Center for Structured Organic Particulate Systems, we have developed a dropwise additive manufacturing process for solid oral dosage production. The process utilizes the drop-on-demand (DoD) inkjet printing technology for predictable and highly controllable deposition of active pharmaceutical ingredients (API) onto an edible substrate, such as a polymeric film or placebo tablet (9, 10) . This process uses fluid operations suitable for low-volume production of personalized dosage forms. The main advantages of the DoD technology are the ability to produce small droplets reproducibly and to print drug formulations with high placement accuracy onto selected substrates (11) . The advantages of liquid processing and reproducible production of small droplets create the special opportunity for the production of high-potency, low-dose drugs, which are difficult to produce with consistent quality via conventional powder processing methods. Moreover, the dosage amount can be adjusted according to the patient's needs, by simply changing the drop size or number of drops deposited per dosage. Although different material systems with a wide range of properties can be deposited using DoD technology (12) , until recently a limited range of materials have been used in the pharmaceutical inkjet printing applications, namely, solvent-or nano-suspension-based formulations (13, 14) . Using the developed dropwise additive manufacturing process for pharmaceuticals (DAMPP), different drug formulations including solventbased systems, i.e., solvent-polymer-API solutions, as well as melt-based systems, i.e., polymer-API melts, can be printed. Recently, Hirshfield et al. (2014) (9) and Icten et al. (2015) (10) reported proof of concept of dropwise additive manufacturing process for solvent-based applications and for melt-based applications, respectively. Melt-based printing applications eliminate the solvent evaporation step after drop deposition and thus allow on-demand production of individual dosage forms with good control of drug solid state and morphology.
For pharmaceutical processes, the performance of a drug product is defined in terms of its critical quality attributes (CQA), which are its essential physical, chemical, and biological characteristics (15) . For the dropwise additive manufacturing system, the desired critical quality attributes (CQA) of the dosage forms that should be kept within the appropriate limits are the dosage amount and drug morphology. The critical process parameters (CPP) that have a direct impact on the CQA's are the drop size, product, and process temperatures, as shown in Table I . This paper presents a supervisory control system implemented on the drop-on-demand manufacturing process which manipulates these CPP's with the goal of ensuring the CQA's are maintained within specified limits. This control system includes on-line monitoring, automation, and closed-loop control, which are essential for producing individual dosage forms with the desired critical quality attributes. In the remainder of the paper, first, the supervisory control framework is presented which serves to control critical process parameters. Then, the effects of process parameters on the final product quality are investigated and the resulting melt-based pharmaceutical dosage forms are characterized using various techniques, including Raman spectroscopy, optical microscopy with a hot stage, and dissolution testing.
SUPERVISORY CONTROL FRAMEWORK
The prototype dropwise additive manufacturing system is shown in Fig. 1 . The system consists of a material reservoir, precision positive displacement pump, xy-staging, a hot airbased heating system, online imaging and sensing, and temperature, pump, and stage controllers. The material reservoir, pump, nozzle, camera, substrate, and staging are labeled in Fig. 1 with numbers 1 through 6, respectively. The melt-based formulation consists of a low-melting point polymer (or surfactant) carrier and an API, which are co-melted in the material reservoir. This is achieved by heating the reservoir until the polymer melts and the drug dissolves in the molten polymer. The printability and reproducibility of melt formulations are highly dependent on the process temperature, which is maintained above the melting temperature and within the desired operating limits in order to produce melts without causing degradation of the active ingredient. Therefore, temperature control is implemented not only on the reservoir, but also on the pump, tubing, and nozzle using a heating tape, built-in pump heater, and air heating system, respectively. The air heating system consists of concentric tube heat exchanger, in which air is used as the heating medium, and a custom air heater, which is connected to a proportional-integralderivative (PID) temperature controller. The formulation material flows on the tube side, that is, inside the inner tube in the direction shown with the yellow arrow in Fig. 1 . The hot air flows on the shell side, that is, around the tubing and the nozzle in the countercurrent direction shown with the blue arrow in Fig. 1 . This allows the temperature of the printed formulation to be maintained at the desired setpoint.
The melt-based formulation is precisely deposited onto edible substrates by means of an automation logic, which synchronizes the actions of the pump, camera, and xy-staging components. After a drop is ejected from the nozzle, its image is captured via the camera, which are shown with numbers 3 and 4 in Fig. 1 . The dosage amount of each drop is monitored online using the corresponding drop volume calculated using real-time image analysis with arbitrary rotational symmetric shape model (16) . Different drop sizes can be produced by changing the pump and nozzle parameters, which enables adjusting the dosage amount for patients with different therapeutic needs. The xy-staging and synchronization logic not only allows precise drop positioning on the substrate while printing but also enables layering of different drugs or of coating materials, thus offering the flexibility of producing combination dosages. In Fig. 2 , a photograph of drops deposited on the substrate is shown along with the nozzle and online imaging system, where the substrate is placed above the substrate temperature control system on the xy-staging. Automation of the on-line monitoring and control systems is implemented using the LabVIEW environment. The interested reader is encouraged to refer to Hirshfield et al. (2015) (17) for a more complete exposition of the details of the automated execution of the process and online monitoring system.
The supervisory control framework applied to the dropwise additive manufacturing process is shown in Fig. 3 . We developed a network of PID loops controlling the process and product temperatures while executing camera, pump, and staging simultaneously. This framework enables control of the CPP's to achieve the desired CQA's. The dosage amount is determined from the drop size and the known formulation composition. The product solid state depends on the formulation composition, on the selection of the substrate, and on the CPP's, i.e., product temperature and drop size. The selection of the polymer used in the formulation can change the morphology by promoting or inhibiting crystallization of the drug (18) . The surface properties of the substrate, such as roughness and porosity, onto which the drops are deposited also can have an effect on product morphology (14, 19, 20) . The product temperature corresponds to the crystallization temperature of the deposited drops. The crystallization temperature profile has a strong effect on product solid state and morphology, which influence the dissolution properties and hence the bioavailability of the drug. In bulk crystallization, a controlled temperature profile followed through the crystallization process can affect the final product properties (21) (22) (23) . Similarly, by manipulating the substrate temperature profile using varying temperature gradients, the drop solidification process can be controlled (24) . Since the drop size also affects the drop solidification process by changing the heat transfer dynamics, precise control of the drop solidification process occurring on the substrate is critical. In this process, the crystallization temperature of the deposited drops is controlled via the Peltier devices placed underneath the substrate on the xy-staging. The substrate temperature control via Peltiers is implemented through a PID loop. Programmed temperature gradients, including step changes, ramping heating or cooling, cycling, or any combination of these temperature profiles, can be applied to the drug deposits using the LabVIEW (National Instruments)-based automation of the substrate temperature control system. As in the case of bulk crystallization processes, cycling of temperature also can be an effective mechanism for control of crystal size, thus controlling feature granularity (25, 26) .
MATERIALS AND METHODS

Materials and Formulation
Naproxen was chosen as the model API to form a melt formulation with polyethylene glycol with a molecular weight of 3350. Naproxen (NAP) was purchased from Attix Pharmaceuticals (Montreal, QC, Canada), and PEG 3350 was provided by The Dow Chemical Co. (Midland, MI). Naproxen and PEG 3350 were mixed in a weight ratio of 15:85. The mixture was co-melted at 65°C until completely melted. The melt formulation was printed onto polymeric films prepared with hydroxypropyl methylcellulose (HPMC) (E50) and PEG 400. HPMC (E50) was purchased from the Sigma-Aldrich Corporation (St. Louis, MO), and PEG 400 was provided by The Dow Chemical Co. (Midland, MI).
Film Preparation
The amounts of 0.6 g HPMC powder and 0.4 g PEG 400 were dissolved in 20 ml water at 90°C to make a 5% (w/v) polymer solution. The 5% (w/v) HPMC-PEG 400 solution was stirred overnight at room temperature to ensure that the polymeric chain was homogeneously dispersed in the solution and cast onto a Petri glass. After drying was completed, the film was peeled off.
Methodology
After printing of the drops onto the film, the resulting dosage forms were analyzed to determine whether and to what extent the different process parameters affect the dissolution behavior and solid-state characteristics of the API. Since the dosage forms were created and analyzed within a matter of minutes, varying ambient conditions, such as relative humidity, were not impactful on the results.
Reproducibility of Drop Sizes
Two different drop sizes are used to produce the dosage forms with target dosage of 15 mg of API. The different drop sizes are obtained by changing the pump settings such as displacement, volume strokes, and rate as well as nozzle size. For simplicity, the drops with different sizes will be referred as Bsmall^and Blarge^drops. To analyze reproducibility, HPMC-PEG 400 film measuring 2 cm by 2 cm was weighed on an Omega AL-201s balance and a specific number of drops were deposited on the film to reach the target dosage amount. Before producing the dosage forms, the number of drops needed to reach the target amount varied for each printing setting was determined experimentally. The films were then subjected to different cooling temperature profiles to cause solidification and crystallization. Following the solidification of the drops, the films were weighed again to determine the total mass of the deposits on the film. Içten et al. (2015) (10) confirmed using high-performance liquid chromatography (HPLC) experiments that the compositions of the deposits were identical to the composition of the drug formulation in the melt reservoir. Therefore, the amount of drug in each drop can be precisely determined by multiplying the mass of solids by the percentage of drug in the solution (15%). These results were then used to analyze how consistently and accurately the drop-on-demand system creates dosage forms.
Raman Microscopy and Mapping
A Raman RXN1 Microprobe (Kaiser Optical Systems, MI) was used to analyze the crystal structure of the melt formulations and to build a map of the drop deposits. First, the spectra of pure naproxen and PEG 3350 solid dispersions were obtained. Naproxen and PEG 3350 powders were heated above their melting temperatures, to 160 and 60°C, respectively. The melts of pure naproxen and pure PEG 3350 were solidified at room temperature and then analyzed to obtain the spectra of pure compounds. The spectra of the melt formulation consisting of 15% naproxen and 85% PEG 3350 were obtained by analyzing the drops of the melt formulation deposited using the dropwise additive manufacturing process. Raman mapping of the dosage forms was created to study the distribution of the drug over the deposited drops. Therefore, a large area of the drop, 660 μm×1000 μm was mapped with 100 μm step sizes, and the map was taken in several different areas of the drop The ratio of the characteristic peaks of the drug to polymer were used in building the color intensity map.
Hot-Stage Microscopy
A Zeiss Axio Imager A2m polarized light microscope (Carl Zeiss Microscopy, LLC, NY) equipped with a Linkam THMS 600 hot-stage (Linkam Scientific Instruments Ltd., Surrey, UK) was used for this study. The naproxen and PEG 3350 were physically mixed in (15:85) weight ratio and heated to 65°C until completely melted. After a homogeneous melt was formed, it was cooled down to 30°C with the different cooling rates shown in section BEffect of Crystallization Temperature Control on Product Solid State.^The induction points were determined by recording the temperature of the sample when the first nucleus was observed. The measurements were taken in two replicates in order to determine the mean induction temperatures and times and their standard deviations. 
Dissolution Testing
The dissolution tests were conducted using a USP-I apparatus (Varian VK 7010, Agilent Technologies, Santa Clara, CA) operated at 100 rpm. The dissolution media consisted of the USP buffer solution of pH 7.4, which was maintained at 37°C. Experiments were run for 90 min, and aliquots of the dissolution medium were collected at intervals of 3 min through 35 μm full flow filters (Agilent filters) by a peristaltic pump. Sample absorbance was measured by a UV spectrophotometer (Agilent Cary 50) at 243 nm. Absorbance values from the spectrophotometer were used to calculate the percent release of the API from the films. Each experiment was performed in three replicates.
RESULTS AND DISCUSSION
In order to study the effects of critical process parameters on the product solid state and morphology, dosage forms of melts were produced using two different drop sizes by applying different substrate temperature profiles. The melt formulation consisted of 15% naproxen and 85% polyethylene glycol 3350 (PEG 3350) by weight. This formulation was selected based on the studies done by Zhu et al. (2013) which showed that naproxen and PEG 3350 form a eutectic mixture at a composition of 15% naproxen (27) . The formulation was co-melted at 65°C, at which temperature the polymer melts and the drug dissolved in the molten polymer. The temperature of the system was controlled at 70°C throughout the process. The molten formulation was subjected to the operating temperature of 70°C during the maximum residence time of 5.4 min, which was achieved with the slowest production rate. In our previous study, the chemical stability of naproxen during production was investigated via HPLC experiments, which showed that the drug found in the dosage forms was stable for at least 15 min under the same operating conditions (10) .
Using the DoD manufacturing system, dosage forms containing 15 mg of naproxen are produced. The reproducibility of the produced dosage forms is shown in Table II . Good reproducibility with as low as 2% relative standard deviation can be achieved for melt-based pharmaceuticals produced with this process. The number of drops to be printed on the HPMC-PEG films was adjusted depending on the drop size to reach the proper dosage amount. Dosage forms were produced by printing either Blarge^drops of size 23.4 mg with a standard deviation of 1.4 mg or Bsmall^drops of size 19.4 mg with a standard deviation of 0.3 mg on HPMC-PEG films as the substrate.
The crystallinity of the melt formulations consisting of 15% naproxen and 85% PEG 3350 was studied using Raman microscopy. Raman spectra of pure naproxen melt, pure PEG 3350 melt, and melt-based drug deposits of NAP-PEG 3350 (15:85) are presented in Fig. 4a, b , c, respectively. The characteristic peaks of pure naproxen and pure PEG 3350 at 760 and 1280 cm −1 are used for the analysis. Raman spectra of the dosage forms confirm that naproxen present in the dosage forms is crystalline, which is in accordance with x-ray diffraction analysis of the same formulation reported by Icten et al.
(2015) (10) .
The drug distribution throughout the deposited drop is analyzed using Raman mapping employed for the dosage forms. Different areas throughout the drop deposits were analyzed (data not shown). A color intensity Raman map was built based on the ratio of the characteristic peaks of naproxen and PEG 3350 at 760 and 1280 cm −1 , respectively. In Figure 5 , a representative area (660 μm×1000 μm) of the drop deposits is mapped. The small relative intensity differences confirm that naproxen has an even distribution throughout the drop. This finding is in accordance with HPLC analysis conducted on the melt-based formulations by Içten et al. (2015) , which suggested that the amount of drug recovered from each drop was the same as the amount present in the drug formulation (10) . Here, we show that in a sample area of the drop, the drug is distributed well within the polymer matrix. Raman measurements performed over different areas of the droplet indicated similarly homogenous drug distribution.
Effect of Crystallization Temperature Control on Product Solid State
Since the crystallization temperature of the drug deposits has an effect on the product solid state and morphology, precise control of the drop crystallization and solidification processes is crucial to reach the desired product quality. In our DOD system, different programmed cooling temperature profiles were applied to the substrates containing the drug deposits. Specifically, in this study, we designed four different temperature profiles and applied them via the Peltier devices placed underneath the substrate. The molten deposits were cooled from 60°C down to 30°C using different temperature profiles, which are shown in Fig. 6 . A constant temperature profile is achieved by printing the drops onto films maintained at 30°C and by controlling its temperature at 30°C until the drops are solidified. The other dosage forms were printed onto films maintained at 60°C and cooled down to 30°C using a fast cooling rate of 10°C/min or a slow cooling rate of 1°C/ min or by applying heating/cooling cycles where the dosage forms were cooled with repeated cycles of cooling with a rate of 10°C/min for 1 min followed by heating with a rate of 1°C/ min for 1 min until the deposit reached 30°C.
In order to study the crystallization of the drug within the dosage forms under different temperature profiles, optical microscopy experiments are performed with a hot stage following the cooling temperature profiles shown on Fig. 6 . Although there were no differences observed in the crystallinity of the dosage forms, the application of different temperature profiles did in fact change the crystallization behavior and morphology. The induction times for crystal formation showed differences based on the temperature profile applied. Using the images recorded via hot-stage microscopy, the induction time and temperatures corresponding to the first nucleus formation were determined. In Fig. 6 , the induction times are shown with the points marked on the fast cooling, slow cooling, and cycling temperature profile curves. The measurements were taken in replicates to determine the mean induction temperatures and times, and the corresponding standard deviations are listed in Table III . Under the fast cooling profile, the induction occurs at 36.6°C in 4.3 min. Under cycling and slow cooling temperature profiles, the average induction temperatures are 42.0 and 45.6°C occurring in 6.4 and 16.4 min, respectively. These results indicated that instead of In addition to the differences observed in the crystallization behavior, morphological differences are also observed between the dosages solidified under different temperature profiles using optical microscopy with a hot stage. When the melts are cooled down with the fast cooling rate of 10°C/min, surface defects are observed, which are shown in Fig. 7a . This is mainly due to the fact that fast cooling resulted in more nucleation sites during crystallization, thus producing higher surface area of crystals. When the melts are cooled down with the slow cooling rate of 1°C/min, surface defects were reduced; however, they were still observed as shown in Fig. 7b . When the melts were subjected to the cycling temperature profile, the surface defects were eliminated, as shown in Fig. 7b . With designed cycles and through repeated partial re-melting and solidifying the dosage forms, alternative morphology changes can be obtained.
Effect of Critical Process Parameters on the Dissolution of Dosage Forms
The crystallization temperature profile applied to the drug deposits affects both the crystallization behavior and the morphology of the drug, which are known to influence both the dissolution behavior and bioavailability of the drug. Therefore, we performed dissolution testing to study the effect of the substrate temperature profile and also the effect of the drop size on the dissolution properties of the drug. Dosage forms of melts containing 15% naproxen and 85% PEG 3350 were produced using small and large drop sizes by applying different substrate temperature profiles.
First, we studied the effect of substrate temperature profile and compared the dissolution behaviors of the dosage forms produced with the same drop size and following different cooling profiles. The dissolution profiles of the dosage forms, which are produced with small drop size and solidified using fast or slow cooling rates, are compared in Fig. 8a . When the fast cooling rate of 10°C/min is applied to the dosage forms containing small drops, faster dissolution is observed than is seen with samples produced with the slower cooling rate of 1°C/min. The dissolution profiles of the dosage forms, which are produced with large drop size and solidified using fast or slow cooling rates, are compared in Fig. 8b . Similar to the behavior of the dosage forms containing small drops, faster dissolution is observed when the fast cooling rate of 10°C/min is applied to the dosage forms containing large drops. During fast cooling, more nucleation sites are created that result in higher surface area, which was also observed with hot-stage microscopy experiments, and therefore in faster dissolution of the dosage forms.
We further investigated the effect of the drop size and compared the dissolution behavior of the dosage forms containing either large or small drops under the same crystallization temperature profiles. When the temperature of the drug deposits containing either small or large drops are controlled at a constant temperature of 30°C, significant variation of the dissolution profiles are observed both within the dosage forms of the same drop size and between the dosage forms containing different drop sizes. This variation is evident from the error bars shown in Fig. 9a . When the substrate temperature is held constant, then the cooling profile within the droplets is influenced by their volume, which can result in significant variations in the crystallization conditions. While control of the temperature of the deposits was exercised by manipulating the temperature of the surface of the Peltier, the temperature within a deposit is non-uniform. Indeed, infrared camera images of melt-deposits solidifying at room temperature, shown in Fig. 10 , indicate that there are temperature gradients present within the drops. However, when the drug deposits are solidified by applying a fast cooling rate of 10°C/min, the temperature gradient within the dosages containing the same drop size decreases significantly. Thus, this results in smaller variation in the dissolution profile for the dosage forms containing the same size of droplets, which reflected in the reduced error bars shown in Fig. 9b . In the case of solidification of dosage forms by applying a slow cooling rate of 1°C/min, the differences in the dissolution profile of the dosages containing both the same drop size and different drop sizes decrease further, as shown in Fig. 9c . The use of the slow cooling profile minimizes the differences due to drop size by enabling better heat transfer and thus minimizes the spatial distribution of temperature differences. Finally, the effect of cycling of the substrate temperature on the dissolution profile was studied. The effect of the drop sizes used can be seen in terms of the different dissolution rates. There are small variations in the dissolution of the dosages produced with the same drop size as represented by reduced error bars in Fig. 10d . Cycling of temperature is also an effective mechanism for the control of crystal morphology as further discussed in section BEffect of Crystallization Temperature Control on Product Solid State.^Designed cycles can be used to eliminate surface defect and achieve morphological changes by repeated partial re-melting and solidifying the dosage forms. It can also be used to reduce the time for crystallization and achieve a similar crystallization behavior.
Since pharmaceutical products must meet the target bioavailability regardless of their dosage amount, knowledge of the effect of the process conditions on the dissolution of the drug is of utmost importance. Thus, by applying an appropriate cooling profile, the differences due to drop sizes can be minimized and a desired dissolution rate can be achieved for dosages with different drop sizes.
With the model formulation used in this study, the amorphous form of naproxen is not produced in the presence of PEG 3350, since it actually promotes crystallization of naproxen. However, amorphous forms can be produced with alternative choice of polymers, which inhibit crystallization, along with suitable choice of operating conditions. It is well known that the dissolution of low-solubility drugs can be enhanced, by producing product forms in which the active is in amorphous forms. However, since stability of amorphous drug forms can be challenging, design of crystallization temperature profile and precise control of substrate temperature profile are even more important than in the case of crystalline API formulations. Controlled production with amorphous forms with the drop-on-demand system is the subject of ongoing research.
CONCLUSIONS
A dropwise additive manufacturing process has been developed for the production of melt-based solid oral dosages. In this paper, a supervisory control system implemented for the dropwise additive manufacturing process is reported which has as its goal ensuring reproducible production and final product quality. The effect of the critical process parameters, such as drop size and product and process temperatures, on the final product quality, namely dosage amount and drug morphology, is investigated and the produced melt-based pharmaceutical dosage forms are analyzed. Dosage forms of melts containing the model formulation of naproxen and PEG were produced using small and large drop sizes by following selected substrate temperature profiles, including cooling ramping profiles, constant temperature, and temperature cycling. The presented crystallization temperature control strategy is used to tailor the crystallization behavior of drug deposits and to achieve consistent drug morphology. Hotstage microscopy studies prove that the different product morphologies can be achieved by controlling the cooling profile. Our results indicate that by applying controlled temperature cycles on the deposits, the desired drug morphology and crystallization behavior can be achieved. Moreover, meltbased dosages of smaller drops have faster dissolution compared to melt-based dosages of larger drops with the same dosage amount. Thus, the supervisory control strategy can be used to monitor the drop size online and to predict a crystallization temperature profile for the monitored drop size such that the desired bioavailability of the drug is achieved and variations in the dissolution profiles due to variable dosage amount are mitigated. Hence, it enables the application of the drop-on-demand system for the production of individualized dosage regimens for personalized treatments.
Although the use of PEG in the formulation enhances the dissolution of naproxen, the API present in the melt-based formulation is in crystalline form. Solubility of APIs can be enhanced further by using the active ingredient in the amorphous form. Future goals include expanding our work to a melt-based formulation, where the API is found in the amorphous form. Amorphous forms can be stabilized through designed temperature profiles, which can be then controlled and applied with the supervisory control system.
